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ABSTRACT
The purpose of this study was to evaluate the detectability of hyper-dense nodules using dual-energy com-
puted tomography (DECT) in a phantom. Arterial-phase hepatic dynamic computed tomography (CT) was
conducted on small, medium, and large liver-simulating phantoms harboring simulated hypervascular
tumors. We acquired 150 single-energy CT (SECT) and 150 DECT scans and measured the contrast-to-noise
ratio (CNR) of the nodules. Alternative free response receiver observer characteristic (AFROC) curves of five
radiologists’ readings of the SECT and DECT scans were compared to assess detectability of the hyper-dense
nodules. For all phantoms, the CNR of nodules measured using DECT was significantly higher than that by
using SECT (p < 0.001, all). In the AFROC study, DECT showed a significantly larger area under the curve
than that with SECT (0.778 vs 0.499, p = 0.012). Detectability of high-density nodules was better with DECT
scans than with SECT scans.
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INTRODUCTION
The patients’ body size and cardiac function, iodine
mass of the contrast medium (CM) and its injection rate,
and tube voltage and beam hardening artifacts affect
arterial enhancement on computed tomography (CT)
scans3,20). Beam hardening is a physical phenomenon
that may affect organ enhancement on contrast-
enhanced CT scans5,24). Schindera et al. performed in
vivo and in vitro single-energy CT (SECT) studies and
reported that beam hardening reduced the degree of ar-
terial enhancement in large-bodied patients undergoing
CT angiography20). Decreasing arterial enhancement by
beam hardening may impair identification or characteri-
zation of lesions that show arterial enhancement on CT
scans.
Hepatic hypervascular lesions are defined as lesions
whose attenuation is higher than that of the surrounding
liver parenchyma during arterial-phase dynamic CT2).
Identification and characterization of the lesion are
important for diagnosis and selection of appropriate
treatment strategy4,7,13). In large-bodied patients, the
intensity of the hypervascular liver lesions may be
decreased due to beam hardening.
Recently clinically induced dual-energy CT (DECT)
can reduce beam hardening artifact16,25). We hypothe-
sized that conspicuity of hypervascular lesions was
decreased due to beam hardening on SECT and DECT,
could reduce beam hardening artifacts and improve
lesion conspicuity. The purpose of this study was to
investigate whether DECT could improve detectability of
hyper-dense nodule in a phantom study.
MATERIALS AND METHODS
Phantoms simulating hypervascular tumors of the
liver during the arterial phase of hepatic dynamic CT
were prepared using a three-dimensional (3D) printer
(Agilista 3200, Keyence, Osaka, Japan) (Figures 1A–C).
The central body of the phantom was made of acrylate
plastic with a CT number of approximately 60 HU
through 120-kVp SECT imaging. Size of the central body
was 300 × 200 mm in the axial plane (xy direction), and
50 mm along the z axis (Figure 1A), with 102 spherical
holes of 10-mm diameter. A 3-mm-diameter columnar
path connected the holes with the phantom’s exterior
(Figure 1B). To simulate the hyper-dense nodules, a sol-
ution containing iodine contrast medium (CM;
Omnipaque-300, Daiichi-Sankyo, Tokyo, Japan) was
injected into the paths through maximum three spherical
holes that were arbitrarily chosen. CT number of the
nodules was set as 10 HU higher than that of the phan-
tom body with 120-kVp SECT imaging. Iodine concen-
tration of the iodine solution was 300 mg/ml. The
remaining holes were filled with sugar solution and the
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CT number was adjusted to match that of the phantom
body.
The central body was designated as the small phan-
tom; central body with a frame of width, 15 mm, and
outer diameter, 350 × 250 mm, as the medium phantom;
and central body with a frame of width, 15 mm and outer
diameter, 400 × 300 mm, as large phantom. Both frames
were made of the same material as that of the central
body (Figure 1A).
To mimic hyper-dense nodules, CM was injected into
the paths through maximum three holes in the central
body: one nodule in each of four bodies; two nodules in
each of 12 bodies, and three nodules in each of 14 bodies
(total, 70 nodules in 30 bodies); and 20 bodies were
maintained as nodule-free. SECT and DECT scanning
were performed in each phantom (small, medium, large).
CT scanning and image reconstruction
Phantoms were scanned using a 320-detector row CT
scanner (Aquilion ONE ViSION Ed., Canon Medical Sys-
tems, Otawara, Japan). SECT scans were acquired at 120
kVp. DECT scanning was performed first at 80 kVp, and
then at 135 kVp. For all scans, the volume scan mode


















Figure 1 Configuration of the central body of the phantoms. A: The phantom (representative small phantom) consists of the cen-
tral body (size in xy dimension, 300 × 200 mm; thickness, 50 mm). The phantom size was increased by encompassing the central
body with 15-mm-wide frame made of the same material as that of the central body. B: Detailed structure of the central body of the
phantom. The central body harbors 102 spherical holes (10-mm in diameter) to simulate the nodules. A 3-mm diameter columnar
path allows for injection of CM to mimic the nodules. C: Photograph of the phantom showing the frames used to increase the phan-
tom size.
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detector configuration for all scans was 80 × 0.5 mm.
For SECT scanning of a small phantom, the tube cur-
rent was 85 mAs (170 mA and 0.5 sec/rotation), for a
medium phantom, the settings were 175 mAs (350 mA
and 0.5 sec/rotation), and for a large phantom, 250 mAs
(250 mA and 1.0 sec/rotation). CTDIvol for small,
medium, and large phantom was 8.2, 16.9, and 23.7
mGy, respectively. Preset image noise index was 12 in all
phantoms.
For DECT scanning of the small phantom, the tube
current second was set to the approximate value of
CTDIvol as that for SECT scanning: 145 mAs at 80 kVp
(290 mA and 0.5 sec/rotation) and 25 mAs at 135 kVp
(50 mA and 0.5 sec/rotation). For medium phantom, the
settings were 315 mAs at 80 kVp (630 mA and 0.5 sec/
rotation) and 55 mAs at 135 kVp (110 mA and 0.5 sec/
rotation); and for large phantom, 460 mAs at 80 kVp
(460 mA and 1.0 sec/rotation) and 80 mAs at 135 kVp
(80 mA and 1.0 sec/rotation). CTDIvol of DECT scan for
small, medium, and large phantom was 8.0, 17.6, and
25.0 mGy, respectively.
From DECT scans, we generated virtual monochro-
matic 65-keV CT (VMCT) images corresponding to 120-
kVp SECT images. Although our CT system has the
capability to generate both image-based and projection-
based VMCT images25), we produced projection-based
VMCT images. We reconstructed both scan data with
hybrid iterative reconstruction [adaptive iterative dose
reduction 3D (AIDR-3D, Canon Medical Systems, Ota-
hara, Japan) with reconstruction kernel FC13 which is
the standard kernel for abdominal CT.
Quantitative analysis of the phantom image
One radiologist with 4 years’ experience with body CT
imaging determined the CT number of the 70 hyper-
dense nodules on SECT and DECT images. In addition,
the CT number and standard deviation [SD] at four sites
around each nodule were recorded. The region of inter-
est (ROI) was maintained constant at approximately 50
mm2. Mean CT number of the four sites was considered
as the background CT number of the phantom and mean
SD of those sites as the image noise. The contrast-to-
noise ratio (CNR) of each nodule was calculated using
the formula: CNR = [(CT number of the nodule) – (CT
number of background)]/image noise.
Measurements were performed using Image J
(https://imagej.nih.gov/ij/download.html). A gray-scale
monitor (Model PA301A; NEC, Tokyo, Japan) with a
spatial resolution of 2560 × 1600 was used for quantita-
tive analysis.
Observer performance study
Five board-certified radiologists with 8–31 years’
(median 17 years) experience with body CT imaging par-
ticipated in the observer performance study; software
used in the study was developed by one of the authors
(TH). For operating the observer interface, five radiolog-
ists were trained on 12 images (nine with nodules, three
without nodules). Training images were not included in
actual observer performance study.
Readers were presented with total 300 images per sin-
gle session [images of 30 phantoms with nodules plus 20
without nodules (50 images) × 2 modalities (SECT and
DECT) × 3 (small, medium, large phantom)]. In total
readings, there were four phantoms with one nodule, 12
phantoms with two nodules, and 14 phantoms with three
nodules (30 phantoms with 70 nodules); and 20 phan-
toms without nodules (nodule-free). Observers first
marked the location of hyper-dense nodules on each
image by the click of a mouse. They then rated their con-
fidence in their identification of the nodule(s) on the
right side of the screen (Rating score, 100: definitely
identified, and 0: definitely not identified). The images
were presented in random order. The setting of window-
level and screen-width was without restriction; in addi-
tion, no restrictions were placed on the reading time.
Time to completion for each reading session was approx-
imately 2 hr. We used the same gray-scale monitor as
that for quantitative analysis of observer performance.
Statistical analysis
All numerical data are presented as the median and
range. Wilcoxon signed-rank test and Medcalc version
18 (Medcalc Software bvba, Ostend, Belgium) were used
to compare contrast and CNR on acquired DECT and
SECT images of small, medium, and large phantoms.
Jackknife alternative free-response ROC (JAFROC) anal-
ysis was performed to compare observer performance for
detecting hyper-density nodules on images obtained
through DECT and SECT. JAFROC analysis with
multiple-reader multiple-case (MRMC) design considers
the tumor location and allows the evaluation of multiple
lesions on each image. For analysis of the MRMC-
JAFROC data, we used DBM-MRMC software6) provided
by Chakraborty and Yoon (JAFROC 4.2.1, http://
www.devchakraborty.com/index.php). AFROC curves
were generated by plotting the lesion localization frac-
tion against the false positive fraction, and area under
the curve (AUC) was used as the figure of merit (FOM)
for detectability of the hyper-dense nodules. Statistical
tests were applied to all phantom data obtained through
SECT and DECT. To avoid statistical errors due to multi-
ple observations, we did not perform sub-analyses of
findings from small, medium, and large phantoms9). Dif-
ferences of p < 0.05 were recorded as statistically signifi-
cant.
RESULTS
As shown in Table 1, on SECT and DECT images, the
CNR of nodules decreased with the phantom size. The
CNR on SECT scans of large phantoms was 85% lower
than that of small phantoms; and on DECT images, it
was 28.7% lower on those of large than small phantoms.
For all three phantoms, the CNR of nodules measured
through DECT was significantly higher than those
through SECT (p < 0.001, all) (Figure 2).
AUC values for five observers are shown in Table 2,
and the average of AFROC curves for detection of the
hyper-dense nodules on SECT and DECT scans is shown
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in Figure 3. The standard deviation of the AUC values for
SECT and DECT was 0.14 and 0.07, respectively, which
was relatively small (Table 2). In averaged AFROC
curves for all observers, AUC value obtained with SECT
and DECT for detection of the hyper-dense nodules was
0.50 and 0.77, respectively (Figure 3A); with a statisti-
cally significant difference (p = 0.012). In all (small,
medium, and large) phantoms, AUC values for DECT
were larger than that for SECT (Figures 3B–3D).
Representative phantom images are presented in Fig-
ures 4A–4F. For all three phantoms, the hyper-dense
nodules were more clearly demonstrated on DECT
images than on SECT images, with the large phantom
was relatively small.
DISCUSSION
Our study results indicated that CNR of the simulated
hyper-dense nodules was higher on DECT images com-
pared with that on SECT images irrespective of phantom
size (p < 0.001); and AUC values for detection of the
nodules were significantly higher with DECT than with
SECT (p = 0.012). The findings indicated that DECT had
superior performance over SECT for detection of the
simulated hyper-dense nodule in phantom.
Beam hardening is a phenomenon whereby the mean
energy of polychromatic X-ray increases with passage
through tissue or media. Absorption of lower-energy
photons in the spectrum is increased, which results in
lowered attenuation of the beam per unit length24). Con-
sequently, the CT number in the inner part of the body is
lower than that in the outer part, also known as cupping
artifact5). In this study, with SECT or DECT scanning,
CNR of the hyper-dense nodule decreased as the size of
phantom increased, possibly due to the enhancement of
beam hardening effect through an increase in phantoms’
size.
A correlated decrease in CNR with the increased size
of the phantom was less with DECT than with SECT. We
generated VMCT images through projection-based
method. The main difference between projection- and
image-based VMCT involves a method to determine the
mass density of the two materials. For example, under
DECT, two materials, such as water and iodine, are arbi-
trarily predetermined by radiologists to specify tissue
components.
Application of projection-based method more effec-
tively reduced beam-hardening artifact because beam
hardening occurs in each X-ray projection25). In CT,
under the condition of truly monochromatic X-ray, size
of phantom shows no effect on CNR due to the absence
of the beam hardening effect. However, on VMCT images
through DECT, CNR showed a decrease as the phantoms’
size increased, which suggested the persistence of post-
correction residual artifact and requirement of a physical
model (spectrum, detector, and imaging material)14).
Other studies1,10,11,17,19) that used CNR or signal-to-
noise ratio (SNR) as the FOM reported that with DECT,





























Figure 2 Comparison of CNR of the hyper-dense nodules on
SECT and DECT scans of small, medium, and large phantom.
For all phantoms, the CNR of nodules was significantly higher
on the DECT scans than on the SECT scans (p < 0.001, all).
Table 2 AUC values of five observer in the alternative free










Mean (SD) 0.50 (0.14) 0.77 (0.07)
Abbreviation
SECT: single energy CT
DECT: dual energy CT
AUC: area under curve
Table 1 Contrast to noise ratio (CNR) of simulated nodules and image noise
Small sized phantom Medium sized phantom Large sized phantom
SECT DECT SECT DECT SECT DECT
CNR of nodules 1.20 (0.46–2.78) 1.74 (0.55–2.90) 0.58 (–0.20–1.55) 1.41 (0.84–2.53) 0.18 (–0.56–1.22) 1.24 (0.07–1.92)
Image noise [HU] 6.2 (5.2–6.5) 6.7 (6.1–7.2) 7.4 (7.0–7.8) 7.5 (7.1–7.9) 9.3 (8.5–10.0) 8.5 (7.0–9.6)
Numbers indeicate median and numbesr in parenthesis indicate range
Abbriviation
SECT: single energy CT
DECT: dual energy CT
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enhanced lesions could be improved. In contrast, in
observer performance study, we used CNR and AUC
through AFROC for comparative evaluation of SECT and
DECT. As conspicuity of the liver tumor is affected by
tumor-to-liver contrast2,8,23) and image noise, CNR has
become the index for tumor conspicuity12,15,21,22). How-
ever, the CNR is not always directly correlated with the
diagnostic capability12), since lesion conspicuity is
affected by noise frequency. It is likely that in addition to
CNR evaluation, ROC studies must be performed to con-
firm the lesions’ detectability in a clinical setting.
Our findings suggested that detectability of the hyper-
vascular liver tumors can be improved by obtaining
VMCT images, especially in patients with larger abdomi-
nal circumference. Image acquisition may greatly
improve detection of the hypervascular liver tumors not
only in obese patients but also in patients with complica-
tions of massive ascites accompanied cirrhosis due to
hepatocellular carcinoma. Likewise, metastatic liver
tumors can be accompanied by massive ascites due to
carcinomatous peritonitis, resulting in enlargement of
the abdominal circumference that may impair detection
of the hypervascular liver tumors.
In this study, we used simulated nodules of 10-mm
diameter and adjusted the nodules’ CT number as 10 HU
higher than CT number of the phantom body. In a clini-
cal case of hypervascular hepatocellular carcinoma,
Yanaga et al. reported a 95% confidence interval of the
tumor-to-liver contrast of 17.3–25 HU23). We conducted
a phantom study under conditions of homogeneous
background of the phantom, the presence of fewer arti-
facts compared to that in a clinical setting, and CT num-
ber of 10-HU difference between the simulated nodules
and background. Moreover, we adopted a nodule diame-
ter of 10 mm per American College of Radiology LI-RADS
(https://www.acr.org/Clinical-Resources/Reporting-and-
Data-Systems/LI-RADS/CT-MRI-LI-RADS-v2017) guide-
line with regard to minimum value requirement for
characterizing arterial phase hyper-enhancement.




































































































Figure 3 Averaged alternative free-response ROC curves for all observers tasked with detection of the hyper-dense nodules on
SECT and DECT scans. A: All phantoms: Averaged AFROC curves for all observers. The AUC value was 0.50 for SECT and 0.77 for
DECT (p = 0.012). B: Small phantom: Averaged AFROC curves for all observers. The AUC value was 0.70 for SECT and 0.84 for
DECT. C: Medium phantom: Averaged AFROC curves for all observers. The AUC value was 0.44 for SECT and 0.87 for DECT. D:
Large phantom: Averaged AFROC curves for all observers. The AUC value was 0.36 for SECT and 0.63 for DECT.
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VMCT images at constant 65 keV from the DECT data.
Although specific keV values yield the lowest image noise
and the highest CNR through different DECT scan-
ners15,17,18,25), Mileto et al.19) reported that optimal mono-
chromatic energy level for maximizing conspicuity of the
hypervascular liver tumors was significantly affected by
the patients’ body habitus. They reported that higher keV
levels are optimal for use in the study of a large phan-
tom. Based on these reports, the selection of different
keV according to the size of the phantom might be pref-
erable. Second, the 50-mm thickness of phantom may
have been inadequate because total detector width of the
CT scanner was 40 mm at isocenter of the X-ray. Conse-
quently, X-ray scatter may have affected our results.
In conclusion, in this phantom study to mimic the
arterial phase of dynamic CT imaging of the liver, DECT
showed superior performance over SECT in the detection
of the hyper-dense nodules simulating hypervascular
liver tumors. Future clinical studies to confirm our pre-
liminary observation is planned.
Summary
Based on the results from this phantom study, we con-
cluded that DECT was superior to SECT as a detection
method of the hyper-dense nodules simulating hypervas-
cular liver tumors. The limitations of our study include
the use of generated VMCT images at constant 65 keV
from DECT data and 50-mm thickness of the phantom.
Clinical studies are required to confirm observations
through the present phantom study.
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